Erythropoietin (Epo) receptor (EpoR) is expressed in several cancer cell lines, and the functional consequence of this expression is under extensive study. In this study, we used a cervical cancer cell line in which EpoR was first found to be expressed and to correlate with the severity of the disease. We demonstrate that Epo is a chemoattractant for these cancer cells, enhancing their migration under serum-starved conditions. Using a Transwell migration system, we show that Epo enhances cancer cell migration in a dose-and time-dependent manner. The effect of Epo is dependent on the activity of two signaling pathways: the mitogen-activated protein kinase (MAPK) pathway and the RhoA GTPase pathway. We show that Epo activates both pathways in a Janus kinase-dependent manner and that this activation is required for Epo effects on cell migration. Furthermore, we use both pharmacological and genetic inhibitors to demonstrate that the activation of RhoA GTPase is dependent on the activity of the MAPK pathway, providing the first evidence for interaction between these two signaling cascades.
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Erythropoietin (Epo) is a cytokine that regulates red blood cell production through binding to its cell surface receptor expressed in erythroid progenitor cells (D'Andrea et al., 1989) . Binding of Epo to its receptor induces dimerization of two receptor subunits and subsequent activation of the associated Janus kinase (Jak)2 (Witthuhn et al., 1993) . This leads to phosphorylation of several tyrosine residues in Epo receptor (EpoR) and recruitment of SH2-containing proteins, which result in activation of several cascades of signal transduction pathways, notably the Ras/extracellular signal-regulated kinase (Erk)/mitogen-activated protein kinase (MAPK) (Torti et al., 1992) pathway and the phosphatidylinositol 3/Akt kinase pathway (Damen et al., 1995) . Jak2 also phosphorylates signal transducer and activator of transcription (Stat)5 and Stat3 (Kirito et al., 1997) , which then translocate to the nucleus to act as transcription factors and mediate Epo effects. In addition to Ras, Epo has been shown to activate other members of the Ras superfamily such as Rac (Arai et al., 2002) and Rap1a (Arai et al., 2001) .
Recent findings have shown that EpoR is expressed in many tumor types, including cancer of the breast (Acs et al., 2001 (Acs et al., , 2002 Arcasoy et al., 2002) , female reproductive tract (Shenouda et al., 2006) , lung (Acs et al., 2001) , head and neck (Arcasoy et al., 2005) , and central nervous system (Yasuda et al., 2003) . Although the exact role that Epo plays in cancer is not well understood, it is thought that EpoR expression in cancer cells might contribute to proliferation (Acs et al., 2001; Pajonk et al., 2004) . Some studies suggested that the Erk/ MAPK pathway plays a crucial role in these processes (Lester et al., 2005) ; others have pointed to the phosphatidylinositol 3-kinase pathway as a major player (Hardee et al., 2006) . Still, little is known about the role of EpoR signaling in tumor cells.
Recent studies showed that Epo enhances cancer cell migration both in squamous cell carcinoma (Mohyeldin et al., 2005) and breast cancer cells (Lester et al., 2005) . Activation of the Jak2, a step indispensable to all Epo effects, was implicated in both systems. The MAPK/Erk pathway was also shown to be required for the stimulation of migration seen in the breast cancer cell line. Activation of the MAPK/ Erk pathway is critical for stimulation of migration by several agents that support this process (Hinton et al., 1998; Jo et al., 2002; Brahmbhatt and Klemke, 2003) . In addition, members of the Rho family, namely RhoA, are known to play an important role in the process of cell migration through their effects on the remodeling of the actin cytoskeleton (Takaishi et al., 1994; Faried et al., 2006) .
In this study, we sought to understand the molecular mechanism(s) behind the effect of Epo on cancer cell migration. We used HeLa cells, a cervical cancer cell line where EpoR was first found to be expressed and where this expression correlates with the severity of the disease (Shenouda et al., 2006) . We show that Epo acts as a chemoattractant that induces chemotaxis of cancer cells. We also demonstrate that this effect is dependent on activation of two signaling pathways by Epo: the MAPK/Erk and RhoA/RhoA kinase pathways. Using chemical inhibitors and dominant-negative forms of MAPK kinase (MEK), we show that activation of the latter pathway is dependent on activation of the first.
Materials and Methods
Antibodies and Reagents. RhoA, Erk, and phospho-Erk antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The Jak inhibitor, AG490 (tyrphostin), the MEK inhibitor, PD98059, and lysophosphatidic acid (LPA) were purchased from Sigma-Aldrich (St. Louis, MO). The RhoA kinase inhibitor, Y-27632, and the Erk inhibitor, FR180204, were both obtained from EMD Chemicals (San Diego, CA).
Cell Line and Culture. HeLa cells were obtained from American Type Culture Collection (Manassas, VA). Cells were cultured in minimum essential medium (MEM) supplemented with 10% fetal bovine serum, 100 mM sodium pyruvate, 0.1 mM MEM nonessential amino acids, 100 units/ml penicillin, and 100 g/ml streptomycin. Each culture was maintained at 37°C, 5% CO 2 and saturating humidity.
Cell Transfection. The expression constructs encoding dominant-negative MEK1 (K97R) was kindly provided by Stefan Strack (University of Iowa, Iowa City, IA). One day before transfection, cells were plated in 10-cm culture dishes so that they would reach approximately 90% confluency the next day. Lipofectamine and Plus Reagent (both obtained from Invitrogen, Carlsbad, CA) were used to transiently transfect the plasmids in Opti-MEM I Reduced Serum Medium without serum. Cells were incubated at 37°C for 5 h before the medium was changed to MEM with 10% serum. Cells were assayed 24 to 48 h after transfection.
Cell Lysing and Immunoblotting. Cells were lysed in radioimmunoprecipitation assay lysing buffer [1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride, 50 mM Tris, 150 mM NaCl, and protease inhibitor cocktail (SigmaAldrich)]. The clarified cell lysates were resolved by 12% SDS-polyacrylamide gel electrophoresis (PAGE) and subsequently Western blotted with the indicated antibodies as described previously (Hamadmad et al., 2006) . Cell Migration Studies. HeLa cell migration was studied as described previously (Lester et al., 2005 ) using 6.5-mm Transwell chambers with 8-m pores (Corning Costar, Corning, NY). The bottom surface of each membrane was coated with 20% fetal bovine serum for 2 h. Approximately 10 4 cells were seeded in the upper chambers in 100 l of serum-free medium. Lower chambers contained 600 l of serum-free medium, 10% serum, or the indicated concentration of Epo in serum-free medium. When treatments were added, they were added to both chambers. After the cells were allowed to migrate, the medium in the upper chamber was sucked out and cells on the upper side were removed with a cotton swab. Cells on the lower side of the membrane were fixed and stained by Diff-Quik Staining solution (Dade-Behring, Deerfield, IL). Membranes were then cut from each Transwell chamber and transferred to microscope slides. Cells that migrated through the membrane to the lower surface were counted by light microscopy.
Rho Activation Assay. RhoA activation was studied using the Rho activation kit (catalog number EKS-465; Assay Designs, Ann Arbor, MI) according to manufacturer's recommendations. After lysing of the cells, protein concentration was measured, and approximately 700 g of protein was added to each reaction. The glutathione S-transferase (GST)-rhotekin-Rho binding domain (RBD) fusion protein was then used to bind active Rho, and the complex was pulled down with immobilized glutathione column. Pulled-down Rho was then detected by Western blot analysis using a specific RhoA antibody.
Results
Epo Stimulates HeLa Cell Migration. Previous studies have shown that Epo stimulates invasion of squamous cell carcinoma cells as well as migration of breast cancer cells (Lester et al., 2005) . To study the effect of Epo on HeLa cell migration, the Transwell migration assay was used. This assay measures the migration of cells across a porous membrane in response to potential stimuli and is a reliable and widely used method for quantifying cell migration. Cells were added to the upper chamber and allowed to migrate for different periods of time. Epo was tested for its ability to promote cell migration when added to the lower chamber in serum-free medium. As shown in Fig. 1A , an increasing concentration of Epo from 5 to 20 U/ml stimulated HeLa cell migration in a dose-dependent manner. A 30 U/ml concentration did not have any added effect over the 20 U/ml concentration, which suggests that the latter value corresponds to the concentration that leads to the maximal effect of Epo. As shown in Fig. 1B , Epo induction of migration was also time-dependent because it increased the number of migrating cells with time within the time period that was tested (4 -24 h). The effect of Epo was comparable with that of serum. To rule out an effect of Epo on cell viability and/or proliferation, we assessed cell proliferation under the conditions used in the migration studies using 3-(4-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay. We found that the different concentrations of Epo did not affect cell proliferation within the time period (up to 24 h) that were investigated (data not shown).
Epo induction of migration was dependent on the activity of Jak, because inhibition of this kinase by the selective inhibitor, AG490, abolished Epo effects without affecting that of serum-induced migration (Fig. 1C) . We used 30 M AG490, which is approximately the IC 50 of the inhibitor (Eriksen et al., 2001 ). AG490 did not affect cell proliferation under the conditions tested as assessed by the MTT assay (data not shown).
Epo Activates Erk Phosphorylation in HeLa Cells. It is well established that Epo can activate the Erk/MAPK pathway, and several studies have implicated this pathway in induction of cell migration in several cell types (Nguyen et al., 1998; Lester et al., 2005; Monami et al., 2006) . Therefore, we wanted to test the effect of Epo on Erk phosphorylation in HeLa cells. Stimulation of cells with Epo led to phosphorylation of Erk within 2 min ( Fig. 2A) . This effect was maximum after 10 min of Epo stimulation and seemed to decrease after 60 min, although it stayed well above basal level even after 90 min of stimulation. Total protein level of Erk was not affected by Epo stimulation. As expected, serum also activated Erk phosphorylation. As shown in Fig. 2B , the activation of Erk was occurring in a Jak-dependent manner as the Jak inhibitor, AG490, inhibited Erk phosphorylation in response to Epo. To show specificity of AG490 toward Jak, we tested Erk activation by insulin-like growth factor (IGF)-1, which does not require Jak activity for Erk induction. As shown in Fig. 2B , AG490 treatment did not affect Erk activation by IGF-1, which confirms that AG490 is inhibiting Erk in Epo-treated cells by indirectly inhibiting the upstream Jak.
Epo Stimulation of Cell Migration Is MAPK-Dependent. To assess the role of Erk phosphorylation in Epo stimulation of cell migration, we treated the cells with the PD98059 (Alessi et al., 1995) , a selective inhibitor of MEK, the kinase that activates both Erk-1 and Erk-2 by phosphorylation, and tested its effect on cell migration in both the presence or absence of Epo. The inhibitor was added to both the upper and lower chambers of the Transwell system, and cell migration was studied as described above. Inhibition of the MAPK pathway completely abolished the effect of Epo on stimulation of cell migration (Fig. 3A) . Inhibition of the MAPK pathway by PD98059 was confirmed by its ability to inhibit Epo-induced phosphorylation of Erk protein (Fig. 6) .
To further confirm our findings, we transfected the cells with a dominant-negative form of MEK1 (DN-MEK) and tested its effect on cell migration in response to Epo. The results of these experiments are shown in Fig. 3B . These results were in agreement with the effect of PD98059, although there was slightly less effect with the DN-MEK, which is contributed to lower transfection efficiency that was achieved with transient transfection. This confirmed that the MAPK pathway plays an essential role in Epo induction of cell migration. As expected, DN-MEK1 inhibited Erk phosphorylation by Epo treatment (Fig. 6) .
Epo Activates RhoA Protein in HeLa Cells. To further understand the mechanism behind Epo's activation of HeLa cell migration, we decided to test the effects of Epo on proteins implicated in the process of cell migration, notably members of the Rho family of small GTPases. It was previously shown that Epo induced activation of several small GTPases, including Ras (Torti et al., 1992) , Rap1 (Arai et al., 2001) , and Rac (Arai et al., 2002) . In this study, we decided to examine the effect of Epo on RhoA, which plays an important role in the process of cytoskeletal organization required for cell migration (Takaishi et al., 1994) . Cells were stimulated with 20 U/ml Epo for several time points before lysing. Pulldown experiments were carried out with GST-rhotekin binding domain fusion protein that binds to the GTP-bound form of Rho that represents the active form of the small GTPase. Then, the bound fraction was eluted and analyzed by Western blotting with Rho-specific antibodies.
Results of these experiments are shown in Fig. 4A , which illustrates that Epo stimulation led to activation of RhoA protein in HeLa cells within 10 min. This activation was transient because it disappeared within 60 min of Epo stimulation. The total protein level of RhoA was not affected by Epo stimulation during the tested time period. The activation of RhoA was occurring in a Jak-dependent manner as the Jak inhibitor AG490 inhibited the activation of RhoA in response to Epo (Fig. 4B) . We used LPA, which is a known activator of RhoA protein, as a positive control for RhoA activation (Fig.  4A) . We also showed that AG490 treatment did not affect RhoA activation by LPA, which further confirms the selectivity of AG490 toward Jak (Fig. 4B) .
We next sought to determine whether the RhoA pathway plays a role in Epo induction of migration. To this end, we treated the cells with the Rho kinase (ROCK) inhibitor, Y-27632, and studied its effect on Epo-induced cell migration. Inhibition of ROCK resulted in complete abrogation of the effect of Epo on migration (Fig. 5) , which suggests that the effects of Epo are dependent on activation of the Rho/ROCK signaling pathway.
Epo Stimulation of RhoA Activation Is Dependent on MEK Pathway. Because Epo activates both Erk and RhoA pathways and both are involved in inducing cell migration, we probed the relationship between these two pathways in mediating Epo induction of migration. To this end, cells were treated with the MAPK pathway inhibitor, PD98059. After incubation for 12 h, Epo stimulation of RhoA was tested as described previously. It is interesting to note that inhibition of MEK activation by PD98059 inhibited Epo-induced activation of RhoA (Fig. 6) .
To further confirm this finding, we transfected the cells with the dominant-negative form of MEK1 and tested RhoA activation in response to Epo. In agreement with the MEK inhibitor findings, the dominant-negative MEK1 also inhibited RhoA activation in response to Epo (Fig. 6) . The effect on RhoA activation can not be attributed to changes in RhoA protein levels because the total levels of RhoA stayed constant during the time of experiment. To show that RhoA is downstream of Erk, the selective Erk inhibitor, FR180204, was tested. The Erk inhibitor abolished RhoA activation without affecting Erk phosphorylation (Fig. 6) . Together, these results suggest that RhoA is acting downstream of the MAPK pathway to activate cell migration. Cell lysates were subjected to SDS-PAGE and immunoblot analysis to detect phosphorylated and total Erk. Densitometric analysis is shown for this experiment, which is representative of at least three separate experiments. The 0 time point (no Epo stimulation) was used as the control to which the other points were compared. B, cells were treated with 30 M AG490 for 12 h before stimulation with 20 U/ml Epo for 10 min (left) or IGF-1 for 5 min (right). Cell lysates were then subjected to SDS-PAGE and immunoblot analysis to detect phosphorylated and total Erk.
Discussion
Erythropoietin receptor has been shown to be expressed in many cancer cells, and the functional consequences of this expression have been extensively studied recently. One of the very first cancers where EpoR expression was demonstrated is cancer of the female reproductive tract, most notably cervical cancer (Acs et al., 2001 (Acs et al., , 2003 . EpoR was found both in cervical cancer cell lines and in specimens from patients with cervical cancer (Acs et al., 2003; Shenouda et al., 2006) . The level of EpoR expression was shown to correlate with the severity of the cancer and the metastatic potential of the disease; however, the functional consequence of this expression was not elaborated. Moreover, these cells were found to express Epo mRNA and protein, although no studies have definitely proven their ability to secrete Epo in the surrounding media. More recently, several studies have suggested a role for Epo in enhancing cancer cell migration and invasion induced by serum. These effects were demonstrated in breast cancer cell lines (Lester et al., 2005) and squamous cell carcinoma of the head and neck . Thus, we hypothesized that Epo induces migration of cervical cancer cells and decided to investigate the pathway(s) that mediates this effect.
Our findings demonstrate that Epo induces migration of HeLa cervical cancer cells in serum-free medium by acting as a chemoattractant for these cells. We also show that this effect is dependent on the MAPK and the RhoA pathways that are both activated by Epo stimulation. Furthermore, the activation of RhoA is shown to be dependent on the MAPK pathway, and this was confirmed using pharmacological and genetic inhibitors.
Epo activation of downstream signaling pathways is dependent on the activity of the Epo receptor-associated kinase, Jak. This requirement for Jak activity is a hallmark for Epo acting through its receptor. We showed that the effects of Epo on HeLa cell migration and Erk and Rho activation are dependent on Jak activity using the Jak-selective inhibitor AG490. The activation of Erk by Epo is a well characterized process that starts with recruitment of Son of sevenless, the guanine exchange factor (GEF) for Ras, to the phosphorylated tyrosine sites on EpoR that are generated by the activity of Jak. Activated Ras then triggers the signal transduction cascade known as the Raf/MEK/MAPK that culminates in Erk activation (Hamadmad and Hohl, 2007) . However, this is the first study to show that Epo activates RhoA, and the exact mechanism for this activation has yet to be elucidated. It is possible that a mechanism similar to the one that leads to Ras activation exists for RhoA in these cells.
Several agents that induce migration of cancer cells were found to activate the MAPK pathway. For example, urokinase-type plasminogen activator (Nguyen et al., 1998) , epidermal growth factor, platelet-derived growth factor (Graf et , 1997) , and proepithelin (Monami et al., 2006) were all found to induce cell migration through activation of the MAPK pathway. The exact mechanism through which MAPK affects migration is not very well defined; however, most studies suggest that Erk acts through activation of the myosin light chain kinase (MLCK), which induces serine phosphorylation of the myosin regulatory light chain and thereby promotes contractility of the actomyosin cytoskeleton (Nguyen et al., 1999) . This effect is thought to facilitate retraction of the cell tail. In addition to MLCK, Erk is thought to target other cytoskeletal-associated components, such as caldesmon, microtubules, and Scar/WAVE, which are likely to be involved in the process of migration (Westphal et al., 2000) .
In this study, we demonstrate that, through activation of the RhoA protein, another mechanism can contribute to the MAPK pathway role in mediating cancer cell migration. Although the exact mechanism for this activation is still not well elucidated, we predict that the kinase activity of Erk plays a role in this process. Erk is known to have more than 50 substrates (Kolch, 2000) . It is possible that one of the substrates that Erk phosphorylates plays a role in RhoA activation. For example, many GEFs that activate small Gproteins like RhoA are regulated by phosphorylation (Tybulewicz, 2005) . Phosphorylation is known to activate Vav, a GEF for RhoA, leading to RhoA activation (Tybulewicz, 2005) . Alternatively, GTPase activator proteins, which enhance the intrinsic GTPase activity of the small G-proteins, thus inactivating them, are known to be governed by phosphorylation. Phosphorylation has been shown to inhibit GTPase activator protein function in some instances, leading to enhanced activity of the G-protein (Bernards and Settleman, 2005) . In addition, the function of RhoA itself has been shown to be regulated by phosphorylation at several tyrosine and serine sites (Loirand et al., 2006) . One or more of the aforementioned proteins could be a member in the growing list of Erk substrates.
It is well established that RhoA and other members of the Rho family function primarily in processes that require remodeling of the actin cytoskeleton. In stationary cells, RhoA promotes the formation of actin stress fibers and clustering of proteins in focal adhesions (Kaibuchi et al., 1999) . However, recent studies have implicated this protein in the process of cancer cell migration and invasion (Takaishi et al., 1994; Faried et al., 2006) . Several hypotheses were suggested to explain this role; however, the exact mechanism is not completely understood. It is believed that the Rho kinase, by inactivating myosin light chain phosphatase, complements the function of MLCK in promoting myosin regulatory light chain phosphorylation and actomyosin contractility (Amano et al., 1996) . Our finding that RhoA activation is dependent on Erk pathway activation demonstrates how the process of myosin light chain phosphorylation is orchestrated to generate the coordinated movement of the cell during the process of migration. This is further revealed by the timing of activation of the two pathways; whereas Erk phosphorylation was induced more promptly and sustained for longer time ( Fig. 2A) , RhoA signaling was activated later and only transiently (Fig. 4) . Rho kinase also activates a downstream A total of 20 U/ml Epo or 10% serum was added to the lower chamber, and cells were allowed to migrate for 12 h. When Y-27632 was used, it was added to both chambers of the Transwell system at a 30 M concentration. Cells that migrated to the other side of the membrane were counted, and cell migration was expressed as a percentage of that observed in control (no inhibitor added) cells without Epo (mean Ϯ S.D., n ϭ 4). The actual number of control cells migrating in the absence of Epo is 770 Ϯ 55.
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Although the finding that RhoA activation is dependent on Erk is novel, several studies have suggested that the two pathways can cross-talk and/or cooperate. In one study by Jo et al. (2002) , it was found that the stimulation of cell migration induced by active MEK1 was totally blocked by either a dominant-negative RhoA or the ROCK inhibitor, Y-27632. On the other hand, inhibition of the MAPK pathway by PD98059 did not affect the migration of cells that was induced by active RhoA. These results suggest that the RhoA pathway is acting downstream of the Erk pathway in inducing cell migration and are in agreement with our findings.
Our results further extend the role of EpoR in cancer cells and warrant more studies that consider the benefits and risks of Epo supplements to cancer patients, especially cancers that are modulated by Epo. These results also suggest that targeting the Epo pathway, or more specifically the MAPK pathway, can be a mechanism for inhibition of cancer cell migration in vivo, which is an essential step for the process of cancer metastasis. Both pharmacological inhibitors and antisense techniques might prove efficient for this in the future.
